Placental restriction and insufficiency are associated with altered patterns of placental growth, morphology, substrate transport capacity, growth factor expression, and glucocorticoid exposure. We have used a pregnant sheep model in which the intrauterine environment has been perturbed by uterine carunclectomy (Cx). This procedure results in early restriction of placental growth and either the development of chronic fetal hypoxemia (PaO 2≤ 17 mmHg) in late gestation or in compensatory placental growth and the maintenance of fetal normoxemia (PaO 2 >17 mmHg). Based on fetal PaO 2 , Cx, and Control ewes were assigned to either a normoxemic fetal group (Nx) or a hypoxemic fetal group (Hx) in late gestation, resulting in 4 groups. Cx resulted in a decrease in the volumes of fetal and maternal connective tissues in the placenta and increased placental mRNA expression of IGF2, vascular endothelial growth factor (VEGF), VEGFR-2, ANGPT2, and TIE2. There were reduced volumes of trophoblast, maternal epithelium, and maternal connective tissues in the placenta and a decrease in placental GLUT1 and 11bHSD2 mRNA expression in the Hx compared to Nx groups. Our data show that early restriction of placental growth has effects on morphological and functional characteristics of the placenta in late gestation, independent of whether the fetus becomes hypoxemic. Similarly, there is a distinct set of placental changes that are only present in fetuses that were hypoxemic in late gestation, independent of whether Cx occurred. Thus, we provide further understanding of the different placental cellular and molecular mechanisms that are present in early placental restriction and in the emergence of later placental insufficiency.
Introduction
In mammals, the placenta is the primary interface between the mother and fetus and plays an essential role in maintaining fetal growth and development by facilitating the transfer of oxygen and nutrients to the fetus and removing fetal carbon dioxide and wastes. Failure of the placenta to deliver an adequate supply of substrates to the fetus is termed placental insufficiency and results in intrauterine growth restriction (IUGR). IUGR is clinically defined as a birth weight below the tenth centile for gestational age, that is, where the fetus does not meet its growth potential (McMillen et al. 2001; Morrison 2008) . IUGR affects 5-10% of pregnancies in developed countries (Limesand et al. 2006; Bamfo and Odibo 2011; Li et al. 2012) , and is associated with a high incidence of perinatal morbidity and mortality, as well as an increased risk of cardiovascular disease, hypertension and type 2 diabetes in adulthood (Barker et al. 1993 (Barker et al. , 2010 McMillen and Robinson 2005) .
A range of human and animal studies in IUGR pregnancies have suggested that placental restriction and insufficiency may be associated with a series of morphological and functional changes in the placenta, such as altered growth, substrate transport capacity, increased apoptosis, and autophagy, as well as increased glucocorticoid exposure . Previous reports have shown a decrease in the surface area, volume, and number of terminal villi and capillaries in placentas from IUGR compared with normal human pregnancies (Krebs et al. 1996; Mayhew et al. 2003) . Placental expression of vascular endothelial growth factor (VEGF), basic fibroblast growth factor (FGF2), angiopoietin-1 (ANGPT1), angiopoietin-2 (ANGPT2), and angiopoietin receptor (TIE-2) are significantly higher in human IUGR pregnancies and in the hyperthermia-induced sheep model of IUGR (Regnault et al. 2002 (Regnault et al. , 2003 Hagen et al. 2005; Barut et al. 2010) . Placental insulin-like growth factor 2 (IGF2) and IGF1 mRNA expression were also increased at 55 and 90 days of gestation in hyperthermia-induced IUGR pregnancies (de Vrijer et al. 2006) . In humans, placental glucose transporter 1 (GLUT1) mRNA expression and protein abundance was decreased in the presence of an IUGR fetus, suggesting placental glucose transport capacity is impaired in these pregnancies (Dubova et al. 2013; Janzen et al. 2013) . Placental 11b-hydroxysteroid dehydrogenase 2 (11bHSD2) expression and activity was significantly reduced in deliveries complicated by IUGR compared with term or appropriately grown preterm deliveries, suggesting that increased intraplacental glucocorticoids may contribute to reduced substrate delivery in the IUGR pregnancy (Shams et al. 1998 ).
An experimental model of placental restriction has been developed in the sheep, using uterine carunclectomy (Cx), a procedure involving surgical removal of most endometrial caruncles from the uterus of nonpregnant ewes prior to conception. During a subsequent pregnancy, fewer placentomes form, resulting in the restriction of fetal substrate supply, chronic hypoxemia and fetal growth restriction throughout late gestation (Alexander 1964; McMillen et al. 2001; Morrison 2008) . This results in an increase in the volume density of the trophoblast and the feto-maternal syncytium within the placentomes (Robinson et al. 1995) ; however, no study has investigated the molecular changes that occur in the placenta after this intervention. One important feature of carunclectomy is that it does not inevitably lead to chronic fetal hypoxemia in late gestation because there is a degree of compensatory placental growth or efficiency that may be sufficient to result in the maintenance of fetal normoxemia (Butler et al. 2002) . Therefore, in this model, it is possible to determine whether Cx induces early restriction of placental growth, differentiation and function, independently of whether chronic fetal hypoxemia develops in late gestation. It is also possible to determine whether placental growth and function is altered in fetuses that were hypoxemic in late gestation, independently of whether Cx occurred. In sheep, the type A and B placentomes predominate throughout gestation and account for 60% or more of the total number in a normal pregnancy . The gross morphology of placentomes also changes progressively throughout gestation with an increase in the number of everted (type C and D) placentomes in late gestation (Alexander 1964; Fowden et al. 2006) . Thus, type A and B placentomes may be more likely to show any differences in histology and gene expression specific to early restriction of placental growth induced by Cx, and subsequent chronic fetal hypoxemia in late gestation. In this study, we have determined the impact of Cx associated with either fetal hypoxemia (Hx) or normoxemia (Nx) on placental growth, transport capacity, apoptosis, autophagy, and glucocorticoid exposure.
Methods

Ethical approval
All experimental procedures were approved by the University of Adelaide and the IMVS/University of South Australia Animal Ethics Committee and performed according to the guidelines of the Australian code of practice for the care and use of animals for scientific purposes.
Animals and surgery
Carunclectomy surgery
Forty nonpregnant Merino ewes were randomly assigned to surgical removal of the majority of the endometrial caruncles (leaving four visible caruncles in each horn), as previously described (carunclectomy; Cx (Danielson et al. 2005; Edwards et al. 1999) ) with general anesthesia (induced, intravenous injection of sodium thiopentone (1.25 g Pentothal, Rhone Meriux, Pinkenba, QLD, Australia); maintained, 2% isoflurane in O 2 ). After a minimum 10-week recovery period, these ewes and 38 Control (no previous surgery) ewes entered a mating program. Pregnancy in both Control and Cx ewes was confirmed by ultrasound at 55 days gestation (term, 150 AE 3 days). Only fetuses from a singleton pregnancy were included in the study.
Fetal catheterization surgery
At 115-125 days gestation, both Control and Cx ewes were anesthetized as described above and catheters were implanted in the maternal jugular vein, fetal jugular vein, fetal carotid artery, and amniotic cavity (Edwards et al. 1999; Danielson et al. 2005) . Fetal catheters were exteriorized through a small incision in the ewes' flank. At surgery, antibiotics were administered intramuscularly to the ewe (153.5 mg procaine penicillin, 393 mg benzathine penicillin; 500 mg dihydrostreptomycin, Lyppards, SA, Australia) and fetus (150 mg procaine penicillin, 112.5 mg benzathine penicillin; 250 mg dihydrostreptomycin, Lyppards, SA, Australia). Ewes were housed in individual pens in animal holding rooms with a 12 h light-dark cycle. After surgery, antibiotics were administered intramuscularly to each ewe for 3 day and to each fetus intra-amniotically (500 mg ampicillin, Lyppards, South Australia, Australia) for 4 day.
Arterial blood gas measurements
Fetal arterial blood samples (0.5 mL) were collected daily for the measurement of PaO 2 , PaCO 2, pH, hemoglobin (Hb), hematocrit, base excess, and oxygen saturation (SaO 2 ), using an ABL analyser (Radiometer, Copenhagen, Denmark) with the temperature corrected to 39°C. Oxygen content was calculated using the formula ((PaO 2 9 0.003) + [Hb] 9 (SO 2 /100) 9 1.39) (Danielson et al. 2005) . Mean gestational blood gas values were calculated as the average of all fetal blood gas values collected from three days postsurgery until postmortem. Chronic hypoxemia was defined as a mean gestational PaO 2 of less than or equal to 17 mmHg (Butler et al. 2002; Danielson et al. 2005; Morrison et al. 2007; Dyer et al. 2009 ). Our previous studies have shown that there is a continuous range of PaO 2 and fetal body weights in normally grown and Cx fetuses, and that when the mean gestational PaO 2 is less than 17 mmHg, the fetal body weight is <10th centile (Danielson et al. 2005; Morrison et al. 2007; Dyer et al. 2009; Wang et al. 2011) . Control and Cx ewes were allocated to either a Nx group (Nx; arterial PaO 2 > 17 mmHg) or a Hx group (Hx; PaO 2 ≤ 17 mmHg), resulting in four treatment groups (Control+Nx, n = 29; Control+Hx, n = 9; Cx+Nx, n = 14; Cx+Hx, n = 26).
Postmortem and tissue collection
Ewes (Control+Nx, n = 29; Control+Hx, n = 9; Cx+Nx, n = 14; Cx+Hx, n = 26) were humanely killed between 130 and 134 days gestation with an overdose of sodium pentobaritone (Lethobarb; 25 mL; 325 mg/mL, Virbac Aus, Peakhurst, NSW, Australia) via the maternal jugular vein catheter. Fetuses were delivered by hysterectomy and weighed. Placentomes were removed from the uterus and total placentome number, type, and weight of each placentome was recorded (Vatnick et al. 1991; Ward et al. 2006) . Placental efficiency was calculated, using the equation fetal weight divided by placental weight (Regnault et al. 2003; Poudel et al. 2015) . Placentomes were either frozen in liquid nitrogen for molecular analyses and/or fixed with 4% paraformaldehyde and embedded in paraffin for the morphological analyses.
Quantification of mRNA expression, using real-time RT-PCR All essential information regarding our procedure is included as per the MIQE guidelines (Bustin et al. 2009 ). Total RNA was extracted from the inverted (type A or B) placentomes (Control+Nx, n = 20; Control+Hx, n = 8; Cx+Nx, n = 11; Cx+Hx, n = 16), using the miRNeasy kit following the manufacturer's protocol (Qiagen, Chadstone, VIC, Australia). The ratio of the optical density at 260and 280 nm was used to calculate the correct dilutions of extracted RNA used for cDNA synthesis. cDNA was synthesized by reverse transcription, using Superscript III (Invitrogen by Life Technologies, Mulgrave, VIC, Australia). A no template control (NTC) containing no RNA transcript and a no amplification control (NAC) containing no Superscript III were used to check for reagent contamination and genomic DNA contamination, respectively. The relative expression of mRNA transcripts in the placentome was measured by quantitative real-time PCR, using the ViiA TM 7 Real-Time PCR System (Applied Biosystems by Life Technologies, Mulgrave, VIC, Australia). A PCR reaction consisted of Fast SYBR Green (Sigma, Australia), forward and reverse primers (GeneWorks, Adelaide, SA, Australia), molecular-grade H 2 O, and cDNA (Table 1 ). The most stable three reference genes, including phosphoglycerate kinase 1, b-actin, and glyceraldehyde-3-phosphate dehydrogenase were selected from a panel of candidate genes based in the geNorm component of qbaseplus 2.0 software (Biogazelle, Zwijnaarde, Belgium) (Passmore et al. 2009; Soo et al. 2012; Botting et al. 2014) . The abundance of each transcript was normalized to three reference genes and expressed as mean normalized expression. (Botting et al. 2014) ), and glucocorticoid action (11bHSD1, 11bHSD2, and glucocorticoid receptor (GR) (Zhang et al. 2010; McGillick et al. 2014) ).
Placental histology and morphometric study
The inverted placentomes (Control+Nx, n = 5; Control+Hx, n = 5; Cx+Nx, n = 3; Cx+Hx, n = 3) were cut (5 lm) and stained with Masson's trichrome, using published methods (Roberts et al. 2001; MacLaughlin et al. 2005; Fletcher et al. 2007 ). Sections were examined with a 209 objective lens and a 109 ocular lens on an Olympus VANOX-AHT microscope (Olympus Optical Co., Ltd., Tokyo, Japan), using a Colorview I camera with AnalySIS image analysis software (Soft Imaging Systems, Gulfview Heights, SA, Australia). The proportions of placental trophoblast, fetal capillaries, fetal connective tissue, maternal epithelium, maternal capillaries, and maternal connective tissue were quantified, using point counting with an isotropic L-36 Merz transparent grid placed on the monitor screen. A random systematic field selection method was utilized. Ten fields (360 points) were counted in each section, 1 mm apart, with the aid of the stage micrometer. The volume density (V d ) of each of the specified components of the placentome and placenta was calculated, using the following formula, V d = P a /P T , where P a is the total number of points falling on a particular component and P T is the total number of points in the section (Roberts et al. 2001; MacLaughlin et al. 2005; Fletcher et al. 2007 ). The estimated volume of each of the specified components in each individual placentome or placenta was calculated by multiplying the volume density of each component by the weight of the individual placentome or total placenta. Intercept counting on the same grid on the same fields was utilized to calculate the surface density (S v ) of trophoblast, taking into account the total magnification on the monitor screen,using the formula, S v = 2 9 I a /L T , where I a is the number of intercepts with the line and L T is the total length of the lines applied (Roberts et al. 2001; MacLaughlin et al. 2005; Fletcher et al. 2007) . Total surface area for the placentome from which the section was cut and total placenta was estimated by multiplying the surface density by placentome weight or total placental weight and assumes that surface density is similar in all placentomes (Roberts et al. 2001; MacLaughlin et al. 2005; Fletcher et al. 2007 ). The arithmetic mean barrier of trophoblast to diffusion was calculated using the formula, barrier thickness, B T =V d /S v , where V d is the volume density of trophoblast and S v is the surface density of trophoblast (Roberts et al. 2001; MacLaughlin et al. 2005; Fletcher et al. 2007 ).
Statistical analysis
All data are presented as mean AE standard error of the mean (SEM). The effects of treatment (Control vs. Cx) representing early placental growth from conception, fetal hypoxemia (Nx vs Hx) representing late placental 
Gene
Accession number Sequence insufficiency and fetal sex were examined by a 3-way ANOVA on blood gas measurements, fetal weight, relative brain weight, total placental weight, number of placentomes, mean placentome weight, placental efficiency as well as placental mRNA expression, using IBM Statistical Package for Social Scientists Statistics version 21 (SPSS Inc., Chicago, IL). The effects of treatment and hypoxemia were determined by a 2-way ANOVA on the placental morphology data, as the sample size was too small to investigate the effect of sex in this part of the data. To determine the effect of placentome type, the placentome data was analyzed, using STATA12 (Data analysis and statistical software for repeated measures [StataCorp LP, College Station, TX]) for a 3-way ANOVA (with the factors including treatment, hypoxemia and placentome type (inverted (A and B) or everted (C and D)) with animal number nested within treatment groups to identify placentomes coming from the same animal. When a significant interaction between major factors was identified, the data were split on the basis of the interacting factors and re-analyzed. Linear regression and correlation analyses were performed, using Sigma Plot 12.5 Software (Systat Software Inc, San Jose, CA). A probability level of 5% (P < 0.05) was considered to be statistically significant.
Results
Fetal arterial blood gas information
Mean gestational PaO 2 was lower (P < 0.05), while PaCO 2 , hemoglobin and hematocrit were higher (P < 0.05) in the Hx groups compared with the Nx groups, regardless of whether they were Control or Cx animals ( Table 2 ). There was no effect of Cx, Hx, or an interaction between the effects of Cx and Hx on mean gestational pH and base excess (Table 2) . Mean gestational oxygen saturation and oxygen content were lower (P < 0.05) in the Cx compared with the Control groups, and were also lower (P < 0.05) in the Hx compared with the Nx groups. There was no effect of fetal sex on any of the fetal arterial blood gas parameters.
Effects of carunclectomy and hypoxemia on fetal weight, brain weight and placental weight
Fetal weight was lower (P < 0.05) in the Cx groups (26% reduction) compared with the Control groups and this occurred independently of whether the fetus was Nx or Hx ( Fig. 1 ). Fetal weight was higher in male (3.60 AE 0.14 kg) than in female fetuses (3.25 AE 0.15 kg; P < 0.05) in both the Control and Cx groups. Relative brain weight was higher (P < 0.05) in the Cx groups compared with the Control groups ( Fig. 1) , independent of fetal sex and Hx. Total placental weight was lower in the Cx compared with the Control groups (P < 0.05), and also lower in the Hx compared with the Nx groups (P < 0.05; Fig. 2 ), irrespective of the sex of the fetus. Total placentome number was lower in the Cx compared with the Control groups independent of whether the fetus was Nx or Hx (P < 0.05; Fig. 2 ), and was higher in male (41.7 AE 4.0) compared to female fetuses (37.4 AE 3.8; P < 0.05). Mean placentome weight was higher (P < 0.05) in the Cx compared with the Control groups, and was also lower (P < 0.05) in the Hx compared with the Nx groups (Fig. 1) . Placental efficiency was higher in the Cx compared with the Control groups and was also higher in the Hx compared with the Nx groups, irrespective of the sex of the fetus (P < 0.05; Fig. 1 ). There were significant relationships between placental weight and fetal weight, between placental weight and mean gestational PaO 2 , between placental weight and placental efficiency as well as between placental weight and relative brain weight when all treatment groups were considered (Fig. 3) . There was also a significant relationship between mean gestational PaO 2 and fetal weight when all treatment groups were considered (Fig. 3) .
There was an interaction between the effects of Cx, Hx and placentome type on placentome numbers, placentome weights and percentages of placentome numbers and weights among type A, B, C and D placentomes (P < 0.05; Fig. 2 ). The effects of Cx and Hx were then examined in individual types of placentomes. The total numbers of type A, B and C placentomes were significantly lower in the Cx compared with the Control groups. The total number of type A placentomes was lower but the total numbers of type C and D placentomes were higher in the Hx compared with the Nx groups. The total weights of type A, B and C placentomes were lower in the Cx compared with the Control groups. The total weights of type A and B placentomes were lower but the total weight of type D placentomes was higher in the Hx compared with the Nx groups. There was a lower percentage of type A placentome numbers, but higher percentages of type C and D placentome numbers in the Hx compared with the Nx groups. Similarly, there was a lower percentage of type A placentomes by weight, but higher percentage of type D placentomes by weight in the Hx compared with the Nx groups.
Effects of carunclectomy and hypoxemia on mid-saggital placental morphology
There was no effect of Cx or Hx on volume density of trophoblast, fetal capillaries, fetal connective tissue, maternal epithelium, maternal capillaries and maternal connective tissue (Table 3 ). The absolute volumes of trophoblasts and maternal capillaries in the placentome were higher (P < 0.05) in the Cx compared with the Control groups, regardless of whether the fetus was Nx or Hx (Table 3) . There was no effect of Cx or Hx on the absolute volumes of fetal capillaries, fetal connective tissue, maternal epithelium or maternal connective tissue in the placentome (Table 3) . Volumes of trophoblasts, maternal epithelium and maternal connective tissues in placenta were lower (P < 0.05) in the Hx compared with the Nx groups, and the volumes of fetal connective tissue and maternal connective tissue in placenta were lower in the Cx compared with the Control groups (P < 0.05; Table 3 ). There was no effect of Cx or Hx on volumes of fetal capillaries and maternal capillaries in placenta (Table 3) . There was no difference in surface density and barrier thickness between the Control and Cx groups independent of whether the fetus was Nx or Hx (Table 4 ). The surface area for exchange in the placentome was higher (P < 0.05) in the Cx compared with the Control groups regardless of whether the fetus was Nx or Hx (Table 4 ). The surface area for exchange in the placenta was lower (P < 0.05) in the Hx compared with the Nx groups in both Control and Cx fetuses (Table 4) .
Effects of carunclectomy and fetal hypoxemia on mRNA expression in the placenta
There was no effect of fetal sex or any interaction between fetal sex and Cx or Hx on the mRNA expression of any of the genes.
IGFs and receptors
Placental IGF2 mRNA expression was higher in the Cx groups compared with the Control groups independent of whether the fetus was Nx or Hx (P < 0.05; Table 5 ). There was no difference in placental IGF1, IGF1R, and IGF2R mRNA expression between the four groups (Table 5) .
Hypoxia-inducible factors
There was an interaction between the effects of Cx and Hx on placental HIF1A mRNA expression (P < 0.05; Table 5 ).
HIF1A mRNA expression was lower in the Control+Hx group compared with the Control+Nx group, but was higher in the Cx+Hx group compared with the Control+Hx group. In contrast, there was no difference in placental mRNA expression of HIF1B and HIF2A between the four groups (Table 5) . Placental mRNA expression of HIF3A was higher in the Hx compared with the Nx groups in both Control and Cx fetuses (P < 0.05; Table 5 ).
Genes involved in vasculogenesis and angiogenesis
Placental VEGF mRNA expression was higher (P < 0.05) in the Cx compared with the Control groups (P < 0.05), but was lower (P < 0.05) in the Hx compared with the Nx groups (Fig. 4) . Placental VEGFR-2, TIE2, and ANGPT2 mRNA expression was higher in the Cx compared with the Control groups independent of whether the fetus was Nx or Hx (P < 0.05; Fig. 4 ). Placental ANGPT1 mRNA expression was lower in the Hx compared with the Nx groups in both Control and Cx fetuses (P < 0.05; Fig. 4 ). There was an interaction between the effects of Cx and Hx on placental VEGFR-1 and FGF2 mRNA expression (P < 0.05, Fig. 4 ). Placental VEGFR-1 mRNA was higher in the Control+Hx and Cx+Nx groups compared with the Control+Nx group. Placental FGF2 mRNA expression was higher in the Cx+Hx compared with the Cx+Nx group. When all treatment groups were considered, there were significant relationships between placental ANGPT2 mRNA expression and volume density of fetal connective tissue, between VEGF mRNA expression and volume of trophoblasts in the placentome, between VEGFR-2 mRNA expression and volumes of trophoblasts and fetal connective tissue in the placentome, and between ANGPT1 mRNA expression and volumes of maternal epithelium and maternal capillaries in the placenta (Fig. 5) .
Glucose, amino acid and fatty acid transporters
Placental GLUT1 mRNA expression was lower (P < 0.05) in the Hx compared with the Nx groups, regardless of whether or not they were Control or Cx (Fig. 6 ). There was no difference in placental GLUT3 or GLUT4 mRNA expression between the four groups (Fig. 6 ). Placental FATP4 mRNA expression was lower (P < 0.05) in the Cx compared with Control groups independent of whether the fetus was Nx or Hx (Fig. 7) . Placental mRNA expression of SNAT1 and FABP5 was lower (P < 0.05) in the Hx compared with the Nx groups in both Control and Cx fetuses (Fig. 7) . There was no difference in placental mRNA expression of CAT-1, LAT-1, SNAT4, FATP1, and CD36 between the four groups (Fig. 7) .
Potential glucocorticoid exposure
Placental 11bHSD2 mRNA expression was lower in the Hx compared with the Nx groups in both Control and Cx fetuses (P < 0.05; Fig. 8 ). There was no difference in placental mRNA expression of 11bHSD1 and GR between the four groups (Fig. 8 ).
Apoptosis and autophagy
There was no difference in placental mRNA expression of regulators of apoptosis, including BAX and BCL2, as well as autophagy including BECLIN1, between the 4 groups ( Table 5 ). Placental p53 mRNA was lower (P < 0.05) in the Cx+Nx group compared with the Control+Nx group (Table 5) . Placental LC3B mRNA expression was higher (P < 0.05) in the Cx compared with the Control groups, but lower (P < 0.05) in the Hx compared with the Nx groups (Table 5 ). There was an interaction between the effects of Cx and Hx on placental LAMP1 mRNA expression (P < 0.05; Table 5 ), specifically, mRNA expression was higher in the Control+Hx group compared with the Control+Nx group, but was lower in the Cx+Hx group compared with the Control+Hx group.
Discussion
This study has shown that early restriction of placental growth affects morphological and functional characteristics of the placenta in late gestation, independently of whether or not the fetus becomes hypoxemic (Fig. 9 ). In addition, independently of whether experimental restriction of placental growth occurred, there is a distinct set of morphological and gene expression changes in the placenta that are only present in fetuses that were hypoxemic in late gestation (Fig. 9) .
Effects of carunclectomy and hypoxemia on placental weight and morphology
Both Cx and Hx resulted in a decrease in total placental weight and the number of specific types of placentomes while Hx was also related to an increase in the number of D type placentomes. These results indicate a shift from inverted to everted placentome types in late gestation. Placental efficiency was increased in both Cx and Hx groups, suggesting placental adaptation in response to suboptimal placental function, in both early restriction of placental growth and the emergence of placental insufficiency. These findings were consistent with previous studies in sheep models of placental insufficiency, in which uterine carunclectomy and hyperthermia-induced placental restriction resulted in reduced placental weight and IUGR (McMillen et al. 2001; Limesand et al. 2006; Regnault et al. 2007; Poudel et al. 2015) as well as increased placental efficiency (Regnault et al. 2003 ; Fowden et al. 2006; Poudel et al. 2015) . Our study has reinforced the previous proposal that placentome eversion is an adaptation to placental restriction, which occurs to increase the efficiency of placental substrate transfer to the fetus (Owens et al. 1987a,b; Robinson et al. 1997) . Interestingly, it has been reported that early exposure to high plasma cortisol concentrations decreases the proportion of type C and D placentomes, which indicates that developmental shifts in placentome classification are not restricted to eversion . However, in our sheep model of carunclectomy, we have shown previously that there were no separate effects of either carunclectomy or hypoxemia on fetal plasma cortisol concentrations, suggesting that the developmental shifts in placentome types may depend on the duration and degree of circulating or intraplacental glucocorticoid exposure (Butler et al. 2002; Poudel et al. 2015) . Early restriction of placental growth resulted in an increase in surface area and volumes of trophoblasts and maternal capillaries in the inverted placentome, which may improve maternal and fetal exchange and an adaptation to the reduced total placentome number due to carunclectomy. This is consistent with previous studies in this model that found an increase in the volume density of the trophoblast and the feto-maternal syncytium within the placentomes (Robinson et al. 1995) . When all types of placentomes are considered, Cx resulted in a decrease in the placental volumes of fetal and maternal connective tissues, whereas Hx was related to a decrease in placental surface area and volumes of trophoblasts, maternal epithelium and connective tissues. These data are in agreement with previous reports in humans that have shown a decrease in surface area, volume, and number of terminal villi and capillaries in placentas from IUGR compared with normal pregnancies (Krebs et al. 1996; Challis et al. 2000; Mayhew et al. 2003) . Placentomes undergo progressive structural remodeling, and all cell layers attenuate in both fetal and maternal tissues resulting in fetal and maternal capillaries in close proximity to allow increased capacity for substrate transfer in the placenta when fetal demand for nutrients is high in mid-late gestation . Therefore, the attenuation of the cell layers in the placenta of the Cx and Hx groups may represent accelerated placental maturation to facilitate improved placental transport. This accelerated placental maturation may be caused by the increase in placental IGF2 mRNA expression due to Cx, but not Hx. This increase in placental IGF2 expression may be an adaptive response to early restriction of placental growth and may subsequently play a role in promoting vasculogenesis and angiogenesis in the placenta. Similarly, placental IGF2 and IGF1 mRNA expression is increased at both 55 and 90 days of gestation in the hyperthermia sheep model of IUGR (de Vrijer et al. 2006) . Furthermore, in guinea pigs, exogenous treatment of the mother with IGF2 in early gestation increased the volume of placental labyrinth, trophoblast and maternal blood space within the labyrinth and total surface area of trophoblast for exchange, which further suggests that IGF2 may enhance morphological and functional development of the placenta and nutrient delivery (Sferruzzi-Perri et al. 2008 ).
Effects of carunclectomy and hypoxemia on placental expression of genes involved in vasculogenesis and angiogenesis
Placental mRNA expression of HIF1A, VEGF, VEGFR-1, VEGFR-2, ANGPT2, and TIE2 was significantly increased in the Cx groups compared with the Controls, which may lead to vessel instability, angiogenesis and vessel remodeling. There were also significant relationships between placental angiogenic growth factor mRNA expression and volumes of specific fetal and maternal components in the placentome and placenta. These data suggest that the accelerated placental maturation upon early restriction of placental growth and late emergence of placental insufficiency may be through the regulation of placental angiogenic growth factors. Similarly, VEGF-A and bFGF immunostaining was significantly higher in cytotrophoblasts, syncytiotrophoblasts, extravillous trophoblasts, vascular smooth muscle cells, chorionic villous stromal cells, and villous vascular endothelial cells of human IUGR placentas compared with those collected from normal term pregnancies (Barut et al. 2010 ). In addition, hyperthermia-induced IUGR resulted in increased uterine blood flow and increased VEGF, ANGPT1, ANGPT2, and TIE-2 mRNA expression in the placentome in early gestation in sheep (Regnault et al. 2002 (Regnault et al. , 2003 Hagen et al. 2005) . On the other hand, there were additional complex placental changes related to Hx, including a decrease in placental mRNA expression of HIF1A, VEGF, and ANGPT1, as well as an increase in HIF3A, VEGFR-1, and FGF2 mRNA. The reduced mRNA expression of HIF1A and genes with hypoxia response elements, VEGF and ANGPT1, may represent a partial compensatory response to chronic hypoxemia. This is supported by the finding that 3 day exposure to low oxygen decreased HIF1A, but not HIF2A mRNA expression in cultured murine ectoplacental cones (Pringle et al. 2007 ).
Effects of carunclectomy and hypoxemia on placental mRNA expression of glucose, amino acid and fatty acid transporters
In this study, Hx was associated with a decrease in placental GLUT1 mRNA expression in late gestation, while there was no effect of Cx on placental glucose transporters. Decreased placental GLUT1 gene and protein expression has also been found in other studies. Chronic hypoxemia resulted in a decrease in GLUT1 protein abundance in the basal membrane, but not microvillous plasma membrane of the placenta, subsequently leading to reduced nutrient supply and fetal weight in high-altitude pregnancies (Zamudio et al. 2006) . In mice, maternal chronic hypoxia resulted in a decrease in placental GLUT1 mRNA and protein expression in female fetuses, but no change in placental GLUT3 mRNA expression in both female and male fetuses during mid-to late gestation (Cuffe et al. 2014) . Therefore, our data suggested that hypoxemia may result in impaired glucose transfer. Cx resulted in a decrease in placental FATP4 mRNA expression, whereas Hx was related to a decrease in placental SNAT1 and FABP5 mRNA expression in late gestation. Alterations of placental amino acid and fatty acid transporters occur in IUGR pregnancies and/or under hypoxic conditions (Nelson et al. 2003; Regnault et al. 2005; Biron-Shental et al. 2007; Cuffe et al. 2014) . Maternal hyperthermia resulted in an increase in placental LAT-1 and LAT-2 mRNA expression in IUGR sheep fetuses where placental and fetal weight was reduced by 25% compared with Controls ). Placental system A transport and activity was reduced by hypoxia in full-term human trophoblasts (Nelson et al. 2003) . In mice, maternal hypoxia resulted in a decrease in placental SNAT mRNA expression in both female and male fetuses during mid to late gestation (Cuffe et al. 2014) . Interestingly, hypoxia elevated the expression of FABP1, -3, and -4, but not FABP5 in term human trophoblasts, suggesting that FABPs may play a role in fat accumulation and metabolism in the hypoxic placenta (Biron-Shental et al. 2007 ). Collectively, it has been suggested that the regulation of placental nutrient transport capacity in IUGR pregnancies and/or under hypoxic conditions may be species-specific and different between in vivo and in vitro studies, and depend on the timing and type of insult.
Effects of carunclectomy and hypoxemia on potential glucocorticoid exposure Placental 11bHSD2 mRNA expression was decreased in the Hx compared to Nx groups, although there was no effect of Cx alone on placental GR, 11bHSD1 and 11bHSD2 mRNA expression. This suggests that increased intra-placental glucocorticoid concentrations may play a role in regulating the placental insufficiency in late gestation responsible for chronic substrate restriction and subsequent fetal hypoxemia. This is consistent with a previous report that maternal hypoxia during mid-to late gestation in mice decreased placental 11bHSD2 mRNA and protein expression (Cuffe et al. 2014) . Similarly in human pregnancies, placental 11bHSD2 expression and activity were significantly reduced in deliveries complicated by IUGR compared with the term deliveries and with appropriately grown preterm deliveries, although it was not reported whether or not these IUGR fetuses were hypoxemic (Shams et al. 1998 ).
Effects of carunclectomy and hypoxemia on genes regulating apoptosis and autophagy
There was no difference in placental mRNA expression of apoptotic and anti-apoptotic markers between the four groups, although placental p53 mRNA was lower in the Cx group compared with the Control group in the Nx fetuses. These data were inconsistent with the previous studies that placentas from women with IUGR pregnancies showed enhanced apoptosis compared to Controls (Smith et al. 1997; Erel et al. 2001) . Cultured trophoblasts exposed to hypoxia (1-2%) alone showed upregulation of apoptotic p53 activity and BAX expression and decreased expression of anti-apoptotic BCL-2 (Levy et al. 2000) . In addition, genes involved in regulating autophagy were altered by Cx and Hx. In this study, Cx increased placental LC3B and decreased LAMP1 mRNA expression, whereas Hx decreased LC3B and increased LAMP1 mRNA expression during late gestation. In contrast, women delivering an IUGR baby had increased placental levels of autophagy-related proteins, including LC3B, beclin-1 and p53 compared with pregnant women delivering a normally grown baby (Hung et al. 2012) . Such a discrepancy in placental apoptosis and autophagy may be due to the cause, timing and degree of hypoxemia (Morrison 2008) . One limitation of this study is that all analyses were performed in the inverted placentomes. However, previous studies have shown that there is no effect of placentome type on the expression of a large range of vasculogenic and angiogenic genes and that size may be related to function (Vonnahme et al. 2008) . Furthermore, although cortisol decreases the proportion of type D placentomes , it does not change the umbilical uptake of lactate or oxygen relative to fetal weight between placentome types. In fact, there is no difference in umbilical uptake of glucose, oxygen and lactate relative to fetal weight bethween placentome types in the saline-infused controls . A second limitation of the study is that the cotyledonary structure of the sheep placenta differs from the discoid human placenta. However, the sheep has a structurally similar villous type of the placenta to that in the human, which is reflected by the architecture of the fetal villous tree and terminal vessels (Beckett et al. 2014 ). In addition, our sheep IUGR model induced by carunclectomy has been shown to be a good animal model system to study human IUGR (Alexander 1964; McMillen et al. 2001; Morrison 2008) . The molecular mechanisms identified in this study might thus improve our understanding and facilitate development of therapeutic interventions.
Perspectives and significance
Experimental restriction of placental growth results in IUGR fetuses that are chronically hypoxemic and hypoglycemic. This study demonstrates that the IUGR fetus displays an accelerated placental maturation of capillarization and angiogenesis, as well as evidence of poor nutrient transport capacity from the maternal to the fetal circulation and failure to maintain placental and fetal growth. Early restriction of placental growth induced by carunclectomy resulted in decreased volumes of fetal and maternal connective tissues in the placenta and in increased placental mRNA expression of IGF2 and angiogenic factors, which subsequently led to decreased fetal weight and brainsparing. These morphological and functional characteristics of the placenta in late gestation are present independently of whether the fetus becomes hypoxemic. We also identified a distinct set of placental morphological and gene expression changes, including reduced volumes of trophoblast, maternal epithelium and maternal connective tissues in the placenta, a decrease in placental GLUT1 and 11bHSD2 mRNA in the fetuses that were hypoxemic in late gestation, independent of whether or not surgical carunclectomy had been performed. Therefore, this study provides further understanding of the different placental cellular and molecular mechanisms that are present in early placental restriction and in the emergence of later placental insufficiency and this may facilitate the development of therapeutic interventions.
